Mutations in genes encoding a key component of cytotoxic granules, or the machinery for their release, underlie the systemic hyperiflammatory symptoms of familial hemophagocytic lymphohistiocytosis (FHL), a typically pediatric onset autosomal recessive disorder with five known genetic subtypes (FHL1 -5). FHL1 mutations have been mapped to chromosome 9, while the respective genes mutated in FHL2 (PRF1), FHL3 (UNC13D/Munc13-4), FHL4 (STX11) and FHL5 (STXBP2/ Munc18b/Munc18-2) have been identified. Perforin gene mutation directly affected the cytolytic activity of the cytotoxic granules. All the other FHL mutations appear to affect some aspect of cytotoxic granule exocytosis, resulting in impaired target cell killing by cytolytic T lymphocytes (CTLs) and/or natural killer (NK) cells. Recent findings suggest that failure to kill and detach from target cells, and prolonged synapse connection time, promote cytokine hypersecretion by the defective CTLs and NKs, which in turn result in systemic inflammation. Deciphering the genetics of FHL has contributed towards our understanding of the cell biology of hyperinflammatory responses and hemophagocytic lymphohistiocytosis accompanying pathological conditions such as cancer and viral infections.
Introduction
Diseased cells, particularly those that express tumor markers and viral antigens, are constantly picked up by immunological surveillance and targeted for destruction by the immune system. Target cell killing in the vertebrate adaptive and innate immune responses to cancerous or infected cells is mediated by the action of cytolytic T lymphocytes (CTLs) and natural killer (NK) cells [1] . CTLs harbor T-cell receptors with CD8 co-receptors, which recognize tumor or viral antigens presented by major histocompatibility complex (MHC) class 1 molecules, and are activated as such. NK cells are circulating lymphocytes which cytotoxic activity is determined by a balance of stimulation of their activating or inhibitory receptors, and is inhibited by self MHC class I molecules. NK cells could also be activated by antibodies that bind to disease associated antigens via its FcϒRIII (CD16) receptors. Both CTLs and NK cells kill diseased target cells using cytotoxic or lytic granules containing the complement component 9 (C9)-like pore-forming protein perforin [2] - [4] , programmed cell death inducing molecules such as Fas Ligand (FasL) and serine proteases known as granzymes [5] [6] . These granules are secretory lysosomes [7] that are generated and secreted via a specialized mode of regulated secretion in cytotoxic killer cells [8] . In recognizing and engaging target cells, the activated killer cells form a transient cell-cell junctional contact-called the immunological synapse [9] . Their cellular microtubule network re-orientates in order to facilitate vesicle movement towards the synapse. The cytotoxic granules are then delivered by motor proteins along the microtubules to the synaptic junction. Docking and fusion of the granules at the junctional membranes releases the pore-forming perforin, which facilitates the entry of granzymes into the target cells [10] . Target cell death could potentially occur by lysis, but largely exhibit variants of programmed cell death or apoptosis due to FasL and granzymes [11] , which in the case of viral infected cells would limit the systemic spread of the pathogen.
Several disease conditions could precipitate conditions of hyperinflammation resulting from hypercytokinemia, or cytokine storm [12] . The cytokine storm-type syndrome hemophagocytic lymphohistiocytosis is a rare and life-threatening condition with severe systemic hyperinflammation resulting from hypersecretion of cytokines, uncontrolled proliferations of activated lymphocytes and macrophages, as well as signs of hemophagocytosis [13] - [15] . The condition could either be primary/hereditary or secondary/acquired [15] . The former stems from mutations in a set of genes that affects CTL/NK function [16] [17] , and symptoms appear early in life upon viral infection. The latter is principally precipitated by viral infections (such as hepatitis A virus, Epstein-Barr virus and Dengue virus) [18] , lymphoid cancers [19] , or rheumatologic autoimmune diseases [20] .
Recent findings are beginning to reveal how mutations in familial hemophagocytic lymphohistiocytosis (FHL) subtypes affect disease severity and progression. Interestingly, studies on these mutations have shed light on the cell biology of lytic granule exocytosis. Recent work has also provided clues as to how defects in lytic granule activity could lead to a cytokine storm. These advances are described and discussed in the paragraphs below.
FHL and Its Mutations
FHL is an autosomal recessive disorder, with symptoms usually evident in early postnatal life, often triggered by viral infections [21] - [23] . There are five different subtypes (see Table 1 ). The locus of FHL1 has been mapped to chromosome 9q21.3-q22 [24] . For the other subtypes, biallelic loss-of-function mutations have been identified in genes encoding perforin itself, as well as variants of known components of the membrane trafficking machinery. The latter turns out to be essential for cytotoxic granule exocytosis, and genetic analysis of FHL patients have contributed much to our understanding of this fundamental cellular process. FHL2 is due to mutations of the PRF1 gene at chromosome 10q21-22, which encodes the core forming perforin [25] . Perforin gene mutations constitute the largest percentage of FHL cases (up to 50%) [26] . Perforin has structural and functional similarities to C9 [27] , and it could nonspecifically perforate target cells. Its mode of action in target cell killing is beginning to be understood. Perforation appears to induce a transient calcium flux in the target cell, which induces a quick repair of the damaged cell membrane, with both perforin and granzymes being endocytosed into enlarged endosomes. Perforin formed pores in the endosomal membrane which allow the proteases to be gradually released [4] .
While perforin gene mutation directly affected the cytolytic activity of the cytotoxic granules, the other three gene products are involved in cytotoxic granule exocytosis. FHL3 is caused by mutations mapped to UNC13D/ Munc13-4 at chromosome 17q25, which encodes Munc13-4 [28] [29] . Pathogenic, non-coding mutations of the UNC13D locus that impair gene transcription have also been described [30] [31] . Munc13-4 is a member of the Unc13 family of Ca 2+ -binding vesicle priming protein that regulates vesicle fusion. Munc13-4 localizes with cytotoxic granules at the immunological synapses, and a prominent feature of Munc13-4 deficiency is defective cytolytic granule exocytosis [28] . Interestingly, Munc13-4 is an effector of the small Rab GTPase, Rab27A, and is also essential for dense core granule secretion in platelets [32] .
FHL4 is caused by mutations in the gene encoding the atypical syntaxin 11, STX11, located at chromosome 6q24 [33] . Syntaxin 11 (Stx11) is a member of the syntaxin subfamily [34] of the SNARE family that mediates vesicle fusion in eukaryotes. Unlike other syntaxins, however, it does not have a C-terminal hydrophilic membrane anchor [35] . Although known to be enriched in the hematopoietic system [36] [37], the exact function of Stx11 in lymphocytes has been unclear until its discovery as a FHL gene. NK cells from FHL4 patients fail to degranulate and lyse target cells [38] . Silencing of Stx11 did not affect proximal signaling events of cytotoxic lymphocyte activation, but diminished NK cell cytotoxicity, while over-expression increased cytotoxic killing [39] . It is now clear that Stx11 serves as a target (t)-SNARE mediating the final fusion step in cytotoxic granule exocytosis, as discussed in the section below. A new mutation found recently for Stx11 in the context of FHL occurs at its N-terminus, which abolishes its binding to Munc18-2 [40] . The latter is the causative gene of FHL5.
FHL5 mutations affect STXBP2/Munc18b/Munc18-2, located at chromosome 19p, which encodes Munc18-2, also known as Syntaxin-binding protein-2 (STXBP2) [41] [42] . CTLs and NK cells from FHL5 subjects have reduced Munc18-2 levels, and impaired cytotoxic granule exocytosis that could be alleviated by ectopic expression of Munc18-2 [42] . Munc18-2 is a member of the Sec1/Munc18 (SM) family [43] with apparently divergent roles in regulating Soluble N-ethylmaleimide sensitive factor Attachment Protein receptor (SNARE) complex formation and the vesicle priming process prior to fusion [44] in regulated exocytosis. In this case Munc18-2 is likely to be regulating the function and activity of a Stx11-containing SNARE complex [45] .
There are several inherited disorders that present clinical syndromes that have overlapping symptoms with FLH. Prominent amongst these are the Chédiak-Higashi syndrome (CHS) and Griscelli syndrome type 2 (GS-2). CHS is an autosomal recessive disorder that stems from mutations in the Lysosome Trafficking Regulator (LYST) gene [46] , and patients suffer from albinism, platelet disorders, recurrent infections and hemophagocytic lymphohistiocytosis during infections. GS-2 is also characterized by partial oculocutaneous albinism and hemophagocytic symptoms, and is caused by mutations in Rab27A [47] , a small GTPase which is important for the biogenesis and dynamics of secretory lysosome-like organelles. These associated gene mutations with clinically relevant predisposition to hyperinflammatory syndrome strongly indicate that the underlying etiology of FLH has to do with defects in cytotoxic granule exocytosis, resulting in impaired CTL/NK cell killing function.
Advances in Our Understanding of the Molecular Machinery for Cytotoxic Granule Secretion
Identification of FHL mutations and their analysis has been instrumental in deepening our understanding on particular aspects of cytotoxic granule secretion. Munc13-4, mutated in FHL3, is an effector of Rab27A [48] . Rab27A mutations in mice [49] and human (GS-2) [47] both exhibit impaired lytic granule exocytosis and hemophagocytic syndrome. Rab27A is involved in the biogenesis of specialized lysosome-like organelles, such as melanosomes in melanocytes [50] [51], and has important trafficking functions in insulin secreting cells [52] . In CTLs, Rab27A is involved in the cytotoxic granule transport to the immunological synapses [53] , via its effect on synaptotagmin-like protein 3 [54] and kinesin 1 motor. The FHL5 gene, Munc18-2, on the other hand encodes an SM protein that presumably aids SNARE complex formation. The identities of the SNAREs involve in cytotoxic granule exocytosis, particularly with regards to the final step of plasma membrane fusion, have been uncertain. There is evidence for both VAMP2 [55] and VAMP8 [56] serving as vesicle (v)-SNAREs in this regard. As for the corresponding target (t)-SNAREs, the ubiquitous surface SNARE SNAP23 is very likely to be involved, as its association with Stx11 and role in granule exocytosis have been demonstrated [57] [58] . This leaves the identity of the other t-SNARE, likely a member of the syntaxin family, outstanding. The Golgi localized Stx6 [59] and the plasma membrane localized Stx3 [60] and Stx4 [58] have all been implicated in neutrophil exocytosis. Stx11's identification as the FHL4 gene consolidated its essential role in cytotoxic granule exocytosis, and suggests that it is likely the t-SNARE required for the final fusion step with the plasma membrane. One reason in support of this is that Munc18-2 binds Stx11 with 20 fold higher affinity compared to Stx3 [61] .
Recent reports have further delineated the role of Stx11 and other SNAREs in the process, which occurs via multiple membrane trafficking steps. Prior to perforin-containing cytotoxic granule fusion, Stx11 appears to be targeted first to the immune synapse through the recycling endosome in a VAMP8-dependent manner [45] [62] . Stx11 clustered at the immune synapse then serve as a t-SNARE for the plasma membrane fusion of cytotoxic granules [45] [62] . In other words, the plasma membrane of the CTL/NK at the immunological synapse is prepared for granule fusion by prior Stx11 accumulation. Munc13-4 may function as a Ca 2+ sensor at the regulated and rate-limiting priming steps in granule exocytosis (Boswell et al. 2012).
Hyperinflammation Resulting from Failed Target Cell Killing
It would appear that all FHL mutations impairs killing of target cells by CTLs and NK cells, but how does this impairment lead to hyperinflammation? Logically, it is plausible that sustained presence of unkilled diseased cells induces a further degree of immune response. FHL CTLs/NKs, though defective in their killing capacity, are not handicapped in their ability to proliferate and secrete cytokines. Impaired killing of target cells could thus result in positive feedbacks that collectively heighten the inflammatory response, with immune cell hyperproliferation resulting from increase cytokine secretion reinforcing each other.
A very recent report aptly illustrated the above notion (see Figure 1) . Using antigen restricted CTLs and NKs from mice lacking perforin or granzymes A and B, Jenkins and colleagues [63] [64] showed that these cells overproduced cytokines (such as IL-2, TNF, IFN-γ) and various chemokines when co-incubated with target cells. Amongst these, IFN-γ appears to be directly responsible for the activation and further production of proinflammatory IL-6 from macrophages. Live-cell imaging analysis of immunological synapses formed between wildtype and mutant CTLs/NK cells with the target cells revealed that one likely reason for cytokine hypersecretion in the latter is sustained Ca 2+ signaling, and this is related to the failure of the cells to disengage from their unkilled targets, with a 5-fold increase in mean synapsing time. The authors also found that the signal for disengagement came from the dying target cell itself, and that this signal is caspase-dependent. These findings clearly indicate that failed killing by CTLs/NK cells and prolonged engagement with the unkilled targets causes cytokine hypersecretion, which in turn results in macrophage activation.
It is notable that the FHL subtypes differ in terms of age of onset and trigger. FHL mutations severely reducing cytotoxic lymphocyte function are more likely to eventually present full-fledge Hemophagocytic lymphohistiocytosis [65] [66] . Patients with nonsense mutations in PRF1 or UNC13D are invariably symptomatic within their two first years of life [66] , but nonsense mutations in Munc18-2 and STX11 may have a later onset and less severe phenotype. Investigations with Stx11-deficient mice challenged with lymphocytic choriomeningitis virus showed that unlike perforin-deficient mice, the hemophagocytic lymphohistiocytosis progression is not fatal [67] , apparently due to antigen specific T-cell exhaustion. Some hypomorphic mutations in FLH genes have also been associated with a late disease presentation in adulthood [68] [69] . Therefore despite the rather simplified notion of hyperinflammation resulting from failed target cell killing as the basis for the progression of hemophagocytic lymphohistiocytosis, the severity and onset is clearly influenced and complicated by other factors.
Epilogue
In this short review, how recent studies on FHL mutations have further our understanding of the basics of lytic granule exocytosis, and how mutant CTLs/NK cells could become a source of cytokine over-production when they engage but could not kill diseased cells, are discussed. This is an example of how genetic analysis of rare disease syndromes could aid our understanding of basic cell biological processes. Furthermore, the information obtained is critical if we are to further understand the etiology of hemophagocytic lymphohistiocytosis as the syndrome emerges in patients with comorbidities like viral infection, hematopoietic disease, neoplasm [70] [71], autoimmunity [72] or when it is manifested in less obvious conditions such as presentation of neurological symptoms [73] . Knowing the basic cell biology of FLH would also aid the design of efficacious therapeutic interventions.
